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PHYLOGENY OF THE CELASTRACEAE INFERRED FROM
PHYTOCHROME B GENE SEQUENCE AND MORPHOLOGY1
MARK P. SIMMONS,2,7 CURTIS C. CLEVINGER,3,8 VINCENT SAVOLAINEN,4
ROBERT H. ARCHER,5 SARAH MATHEWS,6 AND JEFF J. DOYLE2
2L.H. Bailey Hortorium, 462 Mann Library, Cornell University, Ithaca, New York 14853 USA;
3Department of Botany, University of Texas, Austin, Texas 78713 USA;
4Jodrell Laboratory, Molecular Systematics Section, Royal Botanic Gardens, Kew, Richmond Surrey TW9 3DS, UK;
5National Herbarium, National Botanical Institute, Private Bag X101, Pretoria 0001, Republic of South Africa; and
6Harvard University Herbaria, 22 Divinity Avenue, Cambridge, Massachusetts 02138 USA
Phylogenetic relationships within Celastraceae were inferred using a simultaneous analysis of 61 morphological characters and 1123
base pairs of phytochrome B exon 1 from the nuclear genome. No gaps were inferred, and the gene tree topology suggests that the
primers were specific to a single locus that did not duplicate among the lineages sampled. This region of phytochrome B was most
useful for examining relationships among closely related genera. Fifty-one species from 38 genera of Celastraceae were sampled. The
Celastraceae sensu lato (including Hippocrateaceae) were resolved as a monophyletic group. Loesener’s subfamilies and tribes of
Celastraceae were not supported. The Hippocrateaceae were resolved as a monophyletic group nested within a paraphyletic Celastraceae
sensu stricto. Goupia was resolved as more closely related to Euphorbiaceae, Corynocarpaceae, and Linaceae than to Celastraceae.
Plagiopteron (Flacourtiaceae) was resolved as the sister group of Hippocrateoideae. Brexia (Brexiaceae) was resolved as closely related
to Elaeodendron and Pleurostylia. Canotia was resolved as the sister group of Acanthothamnus within Celastraceae. Perrottetia and
Mortonia were resolved as the sister group of the rest of the Celastraceae. Siphonodon was resolved as a derived member of Celas-
traceae. Maytenus was resolved as three disparate groups, suggesting that this large genus needs to be recircumscribed.
Key words: Brexia; Celastraceae; Goupia; Hippocrateaceae; nuclear gene family; phylogeny; phytochrome B; Plagiopteron.
The Celastraceae sensu lato (s.l.; including Hippocratea-
ceae) are a large family of woody lianas, shrubs, and trees
with a Gondwanan distribution. Members of the family exhibit
substantial variation in stamen, fruit, and seed characters,
which have been used to subdivide the family taxonomically.
The Celastraceae s.l. have been estimated to include ;55 gen-
era and 850 species (Hallé, 1986; Thorne, 1992; Heywood,
1993), 60–70 genera (Robson et al., 1994), 78 genera and
1150 species (Scholz, 1964), 85 genera (Brummitt, 1992), 85–
90 genera and 860 species (Takhtajan, 1997), 90 genera and
over 1000 species (Hou, 1962), 1100 species (Cronquist,
1981), or up to 94 genera and 1300 species (Mabberley, 1993).
These estimates vary partly because relatively little taxo-
nomic work has been done on the family, and because generic
delimitations are controversial. Moreover, questions regarding
the recognition of Celastraceae and Hippocrateaceae as distinct
families have existed since the initial description of Celastra-
ceae (as the order ‘‘Celastrinæ’’) by Robert Brown in 1814.
Brown (1814, p. 555) stated that Celastrinæ ‘‘in many respects
so nearly approaches to the Hippocraticeæ of Jussieu, that it
may be doubted whether they ought not to be united.’’ Diag-
1 Manuscript received 3 December 1999; revision accepted 11 April 2000.
The authors thank Jerrold Davis, Norman Robson, and an anonymous re-
viewer for reviewing the manuscript; Jerrold Davis, Carl Lewis and Jerome
Munzinger for collecting leaf material for DNA isolations; Ismael Calzada,
Jennifer Clevinger, Jose L. Panero and the staff of MEXU for collection as-
sistance; Donovan Bailey and Jane Doyle for laboratory assistance; Helga
Ochoterena and Kevin Nixon for assistance with implementing cladistic anal-
yses. Support was provided by the Andrew W. Mellon Foundation, the L. H.
Bailey Hortorium, the Cornell Graduate School, the American Society of Plant
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nostic characters that have been used to distinguish Hippocra-
teaceae from Celastraceae include: stamens three (rarely two
or five) vs. four or five (rarely ten), filaments inserted inside
the disk vs. at or below the margin of the disk, filaments con-
nate at the base and recurved vs. distinct and often incurved,
and seeds exalbuminous vs. albuminous (Bentham and Hook-
er, 1862; Cronquist, 1981).
Miers (1872) cited 11 characters differentiating Hippocra-
teaceae from Celastraceae sensu stricto (s.s.). However, Hou
(1964, p. 389) noted that ‘‘many new genera and species have
been described since 1873 which have obliterated many of
Miers’s arguments, and recent specialists agree that, if any,
only few characters do hold.’’ Lindley (1853) and Loesener
(1942b) recognized Hippocrateaceae as distinct from Celastra-
ceae s.s. based on a single character—stamen number four or
five in Celastraceae s.s., vs. three (rarely two) in Hippocratea-
ceae. This was the sole basis for Loesener’s (1942a) transfer
to Celastraceae s.s. of two genera (Campylostemon and Cheil-
oclinium), which earlier workers had included within Hippo-
crateaceae (Miers, 1872; Baillon, 1880; Loesener, 1892b;
Smith, 1940). Recently, on the basis of the distinctive fruits
and seeds of Hippocratea s.l. relative to those of Salacia s.l.,
it has been suggested that taxa assigned to Hippocrateaceae
have been derived from different lineages of Celastraceae s.s.
such that Hippocrateaceae is a polyphyletic group (Robson,
1965; Robson et al., 1994).
The most recent comprehensive taxonomic treatments of
Celastraceae s.s. and Hippocrateaceae were conducted by Loe-
sener (1942a) and Hallé (1962), respectively. In a revision of
his earlier treatment of Celastraceae s.s. (Loesener, 1892a),
Loesener (1942a) recognized five subfamilies and five tribes
of Celastraceae s.s. Loesener’s (1942a) subfamilies and tribes
have been found to be heterogeneous in wood anatomy (Met-
calfe and Chalk, 1950), pollen structure (Lobreau-Callen,
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1977), and leaf anatomy (Den Hartog and Baas, 1978). Hallé
(1962) recognized Hippocrateaceae as a family, separate from
Celastraceae. He described two subfamilies (Hippocrateoideae,
Salacioideae) and two tribes of subfamily Hippocrateoideae:
Campylostemonae [sic] and Hippocrateae [sic]. Hallé (1986)
added a third tribe, Helictonemae [sic]. Hallé later recognized
Hippocrateaceae as a tribe (Hallé, 1978, 1981, 1983, 1984) or
as a subfamily (Hallé, 1986, 1990) of Celastraceae.
The affinities of several genera that have been assigned to
Celastraceae have been questioned; six of these genera (Brex-
ia, Canotia, Goupia, Perrottetia, Plagiopteron, and Siphono-
don) are included here. Brexia has variously been assigned to
Escalloniaceae (Hutchinson, 1967), Brexiaceae (Verdcourt,
1968), and Grossulariaceae (Cronquist, 1981). A close rela-
tionship between Brexia and Celastraceae was first proposed
by Perrier de la Bâthie (1933). On the basis of embryology,
Kamelina (1988) disputed the inclusion of Brexia within Es-
calloniaceae and suggested that it be recognized as a separate
family, Brexiaceae, which would be included in the order Sax-
ifragales. On the basis of embryology and other characters,
Tobe and Raven (1993) suggested including Brexiaceae within
the order Celastrales, not the order Saxifragales.
Canotia has been variously referred to Rutaceae (Gray,
1877), Koeberliniaceae (Barnhart, 1910), Canotiaceae (Cron-
quist, 1981), and Celastraceae (Hutchinson, 1969) as an anom-
alous genus (Loesener, 1942a), or as closely related to Acan-
thothamnus (Johnston, 1975). The close relationship of Can-
otia and Acanthothamnus was supported by embryological
data (Tobe and Raven, 1993).
Goupia has been considered unusual relative to other mem-
bers of Celastraceae by the vascular structure of its petiole
(Metcalfe and Chalk, 1950), gross morphology (T. A. Sprague
in Metcalfe and Chalk, 1950), and wood anatomy (Loesener,
1942a), but not on the basis of leaf anatomy (Den Hartog and
Baas, 1978). In a chloroplast rbcL 59 flanking sequence tree
(Savolainen, Spichiger, and Manen, 1997), Goupia was re-
solved as more closely related to Euphorbiaceae than to Ce-
lastraceae. Goupia was included in the Malpighiales by APG
(1998) and a simultaneous analysis of 18S nrDNA, atpB, and
rbcL (Soltis, Soltis, and Chase, 1999; Soltis et al., 2000).
Perrottetia has been considered unusual within Celastraceae
based on wood anatomy (Metcalfe and Chalk, 1950) with its
scalariform perforation plates, paratracheal parenchyma, and
lack of fiber tracheids; seed structure (Corner, 1976) with its
exotegmic palisade of lignified Malpighian cells; and leaf anat-
omy (Den Hartog and Baas, 1978) with its predominately an-
omocytic stomates, pubescence, and domatia.
Plagiopteron has been assigned to various families, includ-
ing Tiliaceae (Bentham and Hooker, 1862), Flacourtiaceae
(Warburg, 1893; Hutchinson, 1967), and Plagiopteraceae (Airy
Shaw, 1965; Baas et al., 1979; Tang, 1994). Plagiopteron has
been suggested to be related to Celastraceae based on leaf and
wood anatomy (Baas et al., 1979) and embryology (Tang,
1994). Plagiopteron has been resolved as the sister group of
the Celastrales in a simultaneous analysis of rbcL and mor-
phological characters (Nandi, Chase, and Endress, 1998), and
as the sister group of one or more members of the Hippocra-
teoideae by an rbcL tree (Savolainen et al., 2000a), a simul-
taneous analysis of atpB 1 rbcL (Savolainen et al., 2000b)
and a simultaneous analysis of 18S nrDNA, atpB, and rbcL
(Soltis, Soltis, and Chase 1999; Soltis et al., 2000).
Siphonodon has been considered unusual within Celastra-
ceae based on structure of the gynoecium (Croizat, 1947),
wood anatomy (Metcalfe and Chalk, 1950), and pollen mor-
phology (Erdtman, 1952). Siphonodon has been retained in
close relationship to Celastraceae s.s. (Loesener, 1892a, 1942a;
Croizat, 1947), Hippocrateaceae (Bentham and Hooker, 1862;
Hutchinson, 1969), or Celastraceae s.l. (Hou, 1963). Siphon-
odon was resolved as sister group of the five Celastraceae s.l.
(including Brexia) sampled by an rbcL 59 flanking sequence
tree (Savolainen, Spichiger, and Manen, 1997), and as a de-
rived member of Celastraceae in a rbcL tree (Savolainen et
al., 2000a).
Simmons and Hedin (1999) conducted a cladistic analysis
of Celastraceae s.l. based on 69 informative morphological
characters representing variation in gross morphology, seed
anatomy, seedling development, leaf anatomy, wood anatomy,
pollen morphology, and karyotype. The 82 taxa sampled in-
cluded 31 genera of Celastraceae s.s., 22 genera of Hippocra-
teaceae, eight genera that have been associated with Celastra-
ceae (Brexia, Canotia, Forsellesia, Goupia, Lophopyxis, Per-
rottetia, Plagiopteron, and Siphonodon), and outgroups from
Corynocarpaceae, Crossosomataceae, Euphorbiaceae, Geisso-
lomataceae, Huaceae, Saxifragaceae, and Stackhousiaceae.
Based on their analysis, Siphonodon should be excluded from
Celastraceae s.l. Canotia was resolved as the sister group of
Acanthothamnus, included within Celastraceae s.s. Brexia was
resolved as the sister group of Celastraceae s.l. Loesener’s
(1942a) subfamilies and tribes of Celastraceae s.s. were gen-
erally not supported. Hippocrateaceae were resolved as having
a single origin, and as nested within a paraphyletic Celastra-
ceae s.s. Campylostemon was resolved as a derived group
within Hippocrateaceae, not as a ‘‘transitional’’ genus. Hallé’s
(1962) subfamilies of Hippocrateaceae were supported, but his
tribes generally were not. Plagiopteron was resolved as nested
within tribe Hippocrateeae. Most of these groupings were
poorly supported because there were few morphological char-
acters relative to the number of taxa.
The phytochrome gene family is a small nuclear multigene
family of at least three to five loci in angiosperms (Clack,
Mathews, and Sharrock, 1994; Mathews and Sharrock, 1997).
Each locus encodes a protein of 1100–1200 amino acids that
is covalently attached to a linear tetrapyrrole chromophore
(Quail, 1991). The proteins encoded by the phytochrome genes
serve as photoreceptors for red and far-red light in cyanobac-
teria, green algae, and land plants (Furuya, 1993; Yeh et al.,
1997).
Mathews, Lavin, and Sharrock (1995) characterized the
phytochrome multigene family for phylogenetic study in flow-
ering plants and found no evidence of concerted evolution
among these loci. However, duplications of phytochrome B
have been found in Arabidopsis (Clack, Mathews, and Shar-
rock, 1994) and Daucus, Populus, and Solanum (Hauser et al.,
1995; Mathews, Lavin, and Sharrock, 1995; Howe et al.,
1998). Phytochrome loci have been used in phylogenetic stud-
ies of Poaceae (Mathews and Sharrock, 1996; Mathews, Tsai,
and Kellogg, 2000), and four phytochrome loci have been used
in a phylogenetic study of tribe Millettieae of Fabaceae (Lavin
et al., 1998).
The purpose of this study was to investigate patterns of
structural character change and phylogenetic relationships
within Celastraceae s.l. based on the characters from the first
exon of phytochrome B. Using characters from phytochrome
B and morphology, we attempted to: determine relationships
among genera placed within Celastraceae s.l., determine
whether six unusual genera should be included within, or ex-
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cluded from, Celastraceae s.l., determine whether Loesener’s
(1942a) subfamilies and tribes of Celastraceae s.s. are natural
groups, and determine whether Hallé’s (1962, 1986, 1990)
subfamilies and tribes of Hippocrateaceae are natural groups.
Finally, we assessed the use of phytochrome B exon 1 for
phylogenetic inference within a dicotyledon family.
MATERIALS AND METHODS
Taxon sampling—Four criteria were used to guide taxon sampling. (1)
Sample a minimum of two morphologically divergent species from each genus
as a preliminary test of monophyly of the genus and as a check for correct
specimen identification and/or sequence contamination. (2) Sample two or
more genera from each of the seven subfamilies and eight tribes delimited by
Loesener (1942a) and Hallé (1962) that include more than one genus. (3)
Sample each of the genera questionably included within the Celastraceae
(Bhesa, Brexia, Canotia, Empleuridium, Forsellesia, Goupia, Lophopyxis,
Perrottetia, Plagiopteron, Pottingeria, and Siphonodon; discussed in Sim-
mons and Hedin [1999]). (4) Sample outgroups that have been suggested to
be closely related to Celastraceae based on morphology (Takhtajan, 1980,
1997; Cronquist, 1981; Dahlgren, 1983; Thorne, 1992; Simmons and Hedin,
1999), rbcL exon and its 59 flanking region (Chase et al., 1993; Morgan and
Soltis, 1993; Savolainen et al., 1994, 2000a; Savolainen, Spichiger, and Ma-
nen, 1997; Nandi, Chase, and Endress, 1998), 18S nrRNA trees (Soltis et al.,
1997), and simultaneous analyses of atpB and rbcL (Savolainen et al., 2000b)
and atpB, rbcL, and 18S nrRNA (Soltis et al., 1999, 2000). This ideal sam-
pling strategy was limited by the availability of DNA isolations from which
phytochrome B could be amplified.
Fifty-one species that have been assigned to Celastraceae were sampled
(Table 1). Thirty-eight genera that have been assigned to Celastraceae were
sampled, with two species sampled from each of 12 genera. All of the seven
subfamilies and seven of the eight tribes delimited by Loesener (1942a) and
Hallé (1962, 1986) were sampled, with more than one genus sampled from
five subfamilies and four tribes. Of the 11 genera questionably included within
the Celastraceae, six were sampled (Brexia, Canotia, Goupia, Perrottetia, Pla-
giopteron, and Siphonodon). Outgroups were sampled from Corynocarpaceae,
Eucryphiaceae, Euphorbiaceae, Huaceae Linaceae, and Oxalidaceae.
Morphological data—Morphological characters were derived from the data
matrix presented in Simmons and Hedin (1999). The 61 informative morpho-
logical characters represent variation in gross morphology, seed anatomy,
seedling development, leaf anatomy, wood anatomy, pollen morphology, and
karyotype. Terminals originally scored as genera by Simmons and Hedin were
rescored as species. This involved coding all species sampled from a genus
identically, except for genera that were originally scored as polymorphic for
some characters. When possible and applicable, these polymorphisms were
coded as single character states for the individual species sampled here. Iden-
tical sampling was conducted for phytochrome B and morphological charac-
ters. The morphological characters are listed in Appendix 1, and the data
matrix is presented in Appendix 2.
Note that in Simmons and Hedin (1999), if a character state was described
for only one species from a genus that is not monotypic, the entire genus was
coded as having that character state. This method was followed to account
for characters taken from the literature being described from different species.
For example, Erdtman (1952) in describing pollen morphology for a given
genus probably did not look at the same species as Mennega (1997) in de-
scribing wood anatomy, or as Den Hartog and Baas (1978) in describing leaf
anatomy, or as de Vogel (1980) in describing seedling development. This
coding will generally support monophyly of the genera, perhaps artifactually
in some cases.
DNA isolation, amplification, and sequencing—Isolations were conducted
on leaf material that was fresh, preserved using silica gel (Chase and Hills,
1991), preserved using sodium chloride and hexadecyltrimethylammonium bro-
mide (CTAB; Rogstad, 1992), or taken from herbarium specimens. Total DNA
was isolated using the CTAB method (Doyle and Doyle, 1987), the rain-forest-
plant-species method (Scott and Playford, 1996), or the DNeasyy Plant Mini
Kit (QIAGEN, Hilden, Germany). Polymerase-chain-reaction (PCR) amplifica-
tions of the locus were performed using ‘‘step-down PCR’’ (Hecker and Roux,
1996). The temperature profile for amplification consisted of an initial denatur-
ation of 948C (2 min), followed by two cycles of 948C denaturation (45 sec),
738C annealing (1 min), and 728C extension (1 min). Following the step-down
PCR procedure, this was followed by cycles with successively lower annealing
temperatures (of 38C intervals) of two cycles each. Finally, 24 or 34 cycles were
performed using an annealing temperature of 588C and a final extension at 728C
for 15 min. Amplifications of a portion of exon 1 of phytochrome B were
performed using one of two sets of primers: ‘‘dicotB-UP’’ (59-GA-
GCCIGCBMGHACIGARGAYCC-39; at the 59 end) and ‘‘dicotB-DOWN’’ (59-
RTGDATIGCRTCCATYTCIGC-39; at the 3prime; end) or ‘‘dicotB-UP’’ and
‘‘CelastraceaeB-DOWN2’’ (59-GCVGCHCCRTCRCAYTTYACRA-39; at the
39 end). These primer sets amplify 1123 and 737 bp (not including the primers
themselves) of Celastraceae PHYB, respectively. PCR products were separated
on 1% agarose TBE gels and purified using the QIAquicky Gel Extraction Kit
(QIAGEN, Hilden, Germany). Cloning was performed using the pGEMt-T
Vector System (Promega, Madison, Wisconson, USA) with JM109 High Effi-
ciency Competent Cells (Promega). Nucleotide sequences were determined for
portions of both strands using the amplification primers or the plasmid T7 and
SP6 primers. Automated sequencing of plasmids was performed by the Cornell
Biotechnology sequencing facility using Applied Biosystems (Perkin-Elmer Ap-
plied Biosystems, Norwalk, Connecticut, USA) ABI373 and ABI377 machines.
All sequences used in this study have been deposited in Genbank under acces-
sion numbers AF216078 to AF216183. Generally, at least two clones were
sequenced from each taxon. This was done to check for gene duplication events
or contamination.
Data analysis—Sequence alignment was performed using the default align-
ment parameters in Clustal X (Thompson et al., 1997). Alignment was not
problematic because no internal gaps were inserted. Aligned sequences were
input into WinClada (Nixon, 1999) to prepare for phylogenetic analysis. Bases
corresponding to primer regions were excluded from the data matrix. The data
matrices have been deposited in TreeBase (Donoghue, Sanderson, and Piel,
1996) at http://www.herbaria.harvard.edu/treebase/ (study accession number
S476). Bases were translated into amino acids using MacClade (Maddison
and Maddison, 1992).
For all phylogenetic analyses, tree searches using equally weighted parsi-
mony were conducted using Nona (Goloboff, 1993). Ten thousand tree search-
es were performed using random-taxon addition with tree-bisection-reconnec-
tion tree searches with up to 50 most parsimonious trees held in each search.
The most parsimonious trees were then swapped to completion. Strict-con-
sensus trees (Schuh and Polhemus, 1980; Sokal and Rohlf, 1981) were cal-
culated using Nona. Relative levels of branch support were determined using
bootstrap-support values (Felsenstein, 1985). Bootstrap-support values were
determined using 1000 replicates with ten tree-bisection-reconnection search-
es per replicate in Nona. Strict-consensus bootstrap-support values (as op-
posed to frequency-within-replicates bootstrap-support values; see Davis et al.
[1998] for discussion of the differences), rounded to percentages, were
mapped onto the strict consensus of the most parsimonious trees in Clados
(Nixon, 1998). All trees were rooted between the outgroup and the ingroup
terminals.
To prepare the phytochrome B characters for simultaneous analysis (viz.
total evidence; Kluge, 1989; Kluge and Wolf, 1993; Nixon and Carpenter,
1996) with morphological characters, individual clones of each species were
fused into a single species terminal using WinClada. Fusing sequences results
in a single sequence of the same length as the original sequences, in which
character states that vary between the original sequences are scored as subset
(or complete, if applicable) polymorphisms for the variable characters. For
regions that may be present in one of the original sequences but not in another
of the original sequences (i.e., 59 and 39 termini), these regions were scored
based on the sequence(s) in which the region was present.
RESULTS
Phytochrome B gene tree—Of 1123 aligned positions, 544
were parsimony informative. Seventy most parsimonious phy-
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TABLE 1. Species of outgroups and Celastraceae sampled for both phytochrome B and morphology. Locations of voucher specimens for DNA isolations, when
collected, are indicated in parentheses following Holmgren, Holmgren, and Barnett (1990). The length of the phytochrome B clones (‘‘1-1’’ 5 dicotB-UP
to dicotB-DOWN; ‘‘1-2’’ 5 dicotB-UP to CelastraceaeB-DOWN2), and the number of clones sequenced, are reported in the last column.
Taxon Source/voucher information Clone size, no.
CORYNOCARPACEAE Corynocarpus leavigata J. R. Forst & G.
Forst
New Caledonia, Morat s.n. (P) 1-1, 2
CROSSOSOMATACEAE Crossosoma bigelovii S. Watson USA, Arizona, McDade 24254 (TEX) 1-1, 1
EUCRYPHIACEAE Eucryphia billardieri Spach Cult. United Kingdom, Chase 2528 (K) 1-2, 2
EUPHORBIACEAE Aleurites moluccana (L.) Willd. Cult. Australia, Sydney Botanical Garden Acc. #901094 1-2, 2
GOUPIACEAE Goupia glabra Aubl. French Guiana, Prevost 3031 (CAY) 1-2, 2
HUACEAE Afrostyrax sp. Cameroun, Cheek 5007 (K) 1-2, 2
LINACEAE Reinwardtia trigyna Planch. Cult. USA, Chase 230 (NCU) 1-2, 2
OXALIDACEAE Averrhoa carambola L. Cult. USA, Chase 214 (NCU) 1-1, 2
Acanthothamnus aphyllus (Schltr.) Standl. Mexico, Clevinger 100 (TEX) 1-1, 2
Brexia madagascariensis Thouars ex Ker-Gawl. Cult. USA, Hawaii, Wikoff 1390 (BH) 1-1, 2
Campylostemon angolense Welw. ex Oliver de Wilde et al. 3754 (P) 1-1, 2
Canotia holacantha Torr. USA, Arizona, Clevinger 76 (TEX) 1-1, 2
Catha edulis (Vahl) Endl. Cult. USA, New York, Simmons 1896 (BH) 1-1, 1
Celastrus orbiculatus A. Murray ex Thunb. Cult. USA, New York, Simmons 1773 (BH) 1-1, 1
Celastrus scandens L. Cult. USA, New York, Simmons 1783 (BH) 1-1, 3
Crossopetalum rhacoma Hitchc. Mexico, Clevinger 117 (TEX) 1-1, 2
Cuervea integrifolia (A. Rich.) A. C. Sm. Cuba, Panfet et al. 70944 (HAJB) 1-1, 1
Cuervea kappleriana (Miq.) A. C. Sm. Sobel et al. 4864 (NY) 1-1, 1
Dicarpellum baillonianum (Loes.) A. C. Sm. New Caledonia, Simmons 1864 (BH) 1-1, 2
Dicarpellum pancheri (Loes.) A. C. Sm. New Caledonia, Simmons 1807 (BH) 1-1, 2
Elaeodendron orientale Jacq. Cult. USA, Florida, Fairchild Tropical Garden Acc. #60763 1-1, 2
Elaeodendron xylocarpum DC. Cult. USA, Florida, Fairchild Tropical Garden Acc. #651394 1-1, 2
Euonymus alatus (Thunb.) Siebold Cult. USA, New York, Simmons 1772 (BH) 1-1, 1
Euonymus europaeus L. Cult. USA, New York, Simmons 1779 (BH) 1-1, 2
Gyminda tonduzii Loes. Mexico, Clevinger 110 (TEX) 1-1, 1
Gymnosporia mossambicensis Loes. Cult. South Africa, Archer 2170 (PRE) 1-2, 2
Gymnosporia polyacantha Szysyl. Chase 5714 (K) 1-2, 2
Hippocratea volubilis L. Zarucchi and Cuadros 4090 (NY) 1-1, 3
Loeseneriella africana (Willd.) Wilczek ex N. Hallé Ivory Coast, Munzinger & Karamoko 34 (BH) 1-1, 3
Maytenus fournieri (Pancher & Sebert) Loes. New Caledonia, Simmons 1873 (BH) 1-1, 2
Maytenus undata (Thunb.) Blakelock Cult. USA, Florida, Fairchild Tropical Garden Acc. #64700 1-1, 2
Mortonia greggii A. Gray USA, Texas, Clevinger 190 (TEX) 1-2, 1
Paxistima canbyi A. Gray Cult. USA, New York, Simmons 1775 (BH) 1-2, 2
Paxistima myrsinites (Pursh) Raf. USA, Arizona, Clevinger 85 (TEX) 1-2, 2
Peripterygia marginata Loes. New Caledonia, Simmons 1793 (BH) 1-1, 1
Perrottetia ovata Hemsl. Mexico, Clevinger 96 (TEX) 1-1, 2
Plagiopteron suaveolens Griff. Cult. Indonesia, Chase 1335 (K) 1-1, 2
Pleurostylia opposita (Wall. ex Carey) Alston New Caledonia, Simmons 1869 (BH) 1-1, 1
Pristimera andina Miers Paraguay, Soris 2104 (TEX) 1-1, 2
Psammomoya choretroides (F. Muell.) Diels & Loes. Australia, Chase 2160 (K) 1-1, 2
Pterocelastrus tricuspidatus Walp. Chase 6597 (K) 1-1, 1
Putterlickia verrucosa Sim South Africa, Archer 2172 (PRE) 1-2, 2
Quetzalia occidentalis (Loes. ex. Donn.) Lundell Mexico, Clevinger 162 (TEX) 1-1, 2
Reissantia sp. Cult. Indonesia, Chase 2095 (K) 1-1, 1
Reissantia indica (Willd.) N. Hallé Cult. Indonesia, Chase 2471 (K) 1-1, 1
Rzedowskia tolantonguensis Medrano Mexico, Zamudio 9518 (TEX) 1-2, 2
Salacia impressifolia (Miers) A. C. Sm. Venezuela, Cornell Tropical Botany Class 96 (BH) 1-2, 2
Salacia nitida N. E. Br. Ivory Coast, Munzinger & Karamoko 14 (BH) 1-1, 2
Salaciopsis glomerata Hürl. New Caledonia, Simmons 1895 (BH) 1-1, 1
Schaefferia frutescens Jacq. Cult. USA, Florida, Fairchild Tropical Garden Acc. #72611 1-1, 2
Simicratea welwitschii (Oliv.) N. Hallé Ivory Coast, Munzinger & Karamoko 24 (BH) 1-1, 2
Siphonodon australis Benth. Cult. Australia, Sydney Botanical Garden, no acc. # 1-2, 2
Siphonodon celastrineus Griff Cult. Indonesia, Chase 2097 (K) 1-1, 2
Tontelea attenuata Miers Thomas et al. 6861 (K) 1-2, 2
Tripterygium regelii Sprague & Takeda Cult. USA, New York, Simmons 1776 (BH) 1-1, 4
Wimmeria acuminata L. O. Williams Mexico, Clevinger 113 (TEX) 1-1, 1
Wimmeria concolor Cham. & Schlecht. Mexico, Clevinger 98 (TEX) 1-1, 1
Zinowiewia concinna Lundell Mexico, Clevinger 132 (TEX) 1-1, 2
tochrome-B gene trees of 2207 steps were found in 4094 of
the 10 000 replicates. The ensemble consistency index (CI;
Kluge and Farris, 1969) of these trees was 0.43 (excluding
uninformative characters) and the ensemble retention index
(RI; Farris, 1989) was 0.78. The strict-consensus tree with
strict-consensus bootstrap-support values is presented in Figs.
1 and 2.
In all most parsimonious phytochrome-B gene trees, the in-
dividual clones of each species (for the 43 species for which
more than one clone was sequenced) were resolved as either
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Fig. 1. ‘‘Basal’’ portion of strict consensus of 70 most parsimonious phytochrome-B gene trees of 2207 steps with strict-consensus bootstrap-support
values mapped. The CI of these 70 most parsimonious trees was 0.43 (excluding uninformative characters), and the RI was 0.78. Numbers following species
names refer to the clones sequenced. From one to four clones were sequenced for each species. Subfamily and tribe names following species names are
based on the classifications of Loesener (1942a) for Celastraceae s.s. and Hallé (1962, 1986) for Hippocrateaceae. Taxa with neither subfamily or tribe
names were not assigned these ranks by Loesener (1942a) or Hallé (1962, 1986), respectively. Genera questionably included in the Celastraceae are indicated
in boldface.
monophyletic or paraphyletic groups. Mortonia greggii was
resolved as a paraphyletic group in all most parsimonious
trees, but due to lack of character support, it was unresolved
in the strict-consensus tree relative to Perrottetia ovata. Clones
of two other species (Quetzalia occidentalis and Paxistima
myrsinites) were resolved as paraphyletic groups. The resolu-
tion of these clones of each species as paraphyletic was well
supported by bootstrap values (95 and 78, respectively). This
318 [Vol. 88AMERICAN JOURNAL OF BOTANY
Fig. 2. ‘‘Distal’’ portion of strict consensus of 70 most parsimonious phytochrome-B gene trees of 2207 steps with strict-consensus bootstrap-support values
mapped.
well-supported resolution suggests that clone 1 (putatively rep-
resenting an allele) of Quetzalia occidentalis is more closely
related to the alleles present in Zinowiewia concinna than it is
to the other allele of Quetzalia occidentalis. Likewise, clone
2 of Paxistima myrsinites is supported as more closely related
to the alleles present in Paxistima canbyi than it is to the other
allele of Paxistima myrsinites.
For most of the 43 species for which more than one clone
was sequenced, the clones were nearly identical. There were
three notable exceptions: Euonymus europaeus with 35 differ-
ent bases between two clones, Paxistima myrsinites with 23
different bases between two clones, and Quetzalia occidentalis
with 68 different bases between two clones. These differences
were not restricted to any particular region for any of the three
species. In Euonymus and Quetzalia, most differences were at
third positions (Euonymus: 1st—10, 2nd—4, 3rd—21, 17 amino-
acid replacements; Quetzalia: 1st—18, 2nd—7, 3rd—43, 26 ami-
no-acid replacements), but not in Paxistima (1st—9, 2nd—8,
3rd—6, 12 amino-acid replacements). No stop codons were
found in any phytochrome B sequence.
Assuming that the phytochrome-B gene tree accurately
tracks the species phylogeny (see Doyle [1992] for potential
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problems with this assumption), the following phylogenetic
relationships are supported. Celastraceae, excluding Goupia,
are resolved as a monophyletic group. Goupia is resolved as
more closely related to Corynocarpaceae and Linaceae than it
is to Celastraceae. Quetzalia, Zinowiewia, Mortonia, and Per-
rottetia are resolved as early-derived lineages within Celastra-
ceae. None of the subfamilies or tribes of Celastraceae s.s.
delimited by Loesener (1942a) for which more than one genus
was sampled is resolved as a monophyletic group. Brexia is
resolved as nested within Celastraceae. Canotia is resolved as
the sister group of Acanthothamnus, nested within Celastra-
ceae. The two species of Siphonodon are resolved as a mono-
phyletic group sister to Peripterygia, nested within Celastra-
ceae.
The Salacioideae and the Hippocrateoideae (tribes Campy-
lostemoneae and Hippocrateeae of the subfamily were sam-
pled) are resolved as monophyletic groups. However, these
two subfamilies of Hippocrateaceae are not resolved together
as a monophyletic group, and are each nested separately within
Celastraceae s.s. Tribe Campylostemoneae is resolved as nest-
ed within tribe Hippocrateeae. Plagiopteron (Flacourtiaceae)
is resolved as the sister group of the Hippocrateoideae.
Simultaneous analysis of phytochrome B and
morphology—Two most parsimonious phylogenetic trees of
2209 steps were found in 3242 of the 10 000 replicates. The
CI of these trees was 0.39 (excluding uninformative charac-
ters) and the RI was 0.59. The strict-consensus tree with strict-
consensus bootstrap-support values is presented in Fig. 3.
The Celastraceae, excluding Goupia, are resolved as a
monophyletic group. Goupia is resolved as more closely re-
lated to Euphorbiaceae, Corynocarpaceae, and Linaceae than
it is to Celastraceae. Quetzalia, Zinowiewia, Mortonia, and
Perrottetia are resolved as early-derived lineages within Ce-
lastraceae. None of the subfamilies or tribes of Celastraceae
s.s. delimited by Loesener (1942a) for which more than one
genus was sampled is resolved as a monophyletic group. Brex-
ia is resolved as nested within Celastraceae as the sister group
of Elaeodendron and Pleurostylia. Canotia is resolved as the
sister group of Acanthothamnus, nested within Celastraceae.
The two species of Siphonodon are resolved as a monophyletic
group sister to Peripterygia, nested with Celastraceae.
The Salacioideae and the Hippocrateoideae (tribes Campy-
lostemoneae and Hippocrateeae of the subfamily were sam-
pled) are resolved as monophyletic groups. Including Plagiop-
teron, these two subfamilies of Hippocrateaceae are resolved
as a monophyletic group, nested within Celastraceae s.s. Tribe
Campylostemoneae is resolved as nested with tribe Hippocra-
teeae. Plagiopteron (Flacourtiaceae) is resolved as the sister
group of the Hippocrateoideae.
DISCUSSION
Phytochrome B gene tree—Exon 1 of phytochrome B ap-
pears to be a useful region from which to infer intrafamilial
phylogenetic relationships. Without any gaps inferred, the
alignment was unambiguous, and many positions were parsi-
mony informative. The gene-tree topology suggests that the
primers used were specific to a single locus that apparently
did not duplicate among the lineages sampled. However, the
three species for which individual clones were resolved as par-
aphyletic groups (Mortonia greggii, Paxistima myrsinites, and
Quetzalia occidentalis) and the three species for which many
substitutions differentiated between the clones (Euonymus eu-
ropaeus, Paxistima myrsinites, and Quetzalia occidentalis)
suggest either that heterozygotes with divergent alleles were
sampled, or that more than one locus was sampled. If more
than one locus was sampled, this could have been due to recent
duplications of the phytochrome gene through gene duplica-
tion(s) or polyploidy, resulting in homeologous phytochrome
B loci. Polyploidy is common in the Celastraceae, with ga-
metophytic chromosome numbers in Euonymus from eight (E.
echinatus; Mehra, 1976), 16 (E. radicans; Bowden, 1940), 24
(E. bullatus; Mehra, 1976), to 32 (E. europaeus; Wulff, 1937).
Chromosome numbers for the other three species for which
clones were resolved as paraphyletic groups and/or for which
many substitutions differentiated between the clones have not
been reported. Evidence for gene duplications in these species
may be found by sampling multiple clones from closely related
species to establish gene-tree topologies consistent with par-
alogous genes that do not undergo concerted evolution (Doyle,
1992).
Based on bootstrap-support values and unambiguously op-
timized branch lengths (not shown), this region of phyto-
chrome B appears to be most useful in examining relationships
among closely related genera, at least in this group; compar-
atively fewer substitutions were unambiguously optimized at
‘‘deeper’’ branches (though this may reflect differential spe-
ciation rates for the lineages sampled). Furthermore, even
when many substitutions were unambiguously optimized onto
‘‘deeper’’ branches (e.g., among the outgroups), the bootstrap-
support values were much lower.
In the simultaneous analysis, the individual phytochrome
B clones of each species were fused into a single species
terminal. The problems with this approach to coding ‘‘com-
posite terminals’’ have been discussed by Nixon and Davis
(1991). By fusing multiple clone sequences into a single ter-
minal, the tacit assumption is made that alleles with any com-
bination of the polymorphic bases may occur in the species
(assuming the different clone sequences represent different
alleles and not PCR and/or sequencing artifacts such as Taq
error [Koop et al., 1993] and recombinant amplification prod-
ucts [Bradley and Hillis, 1997]). Fusing clones may result in
different most parsimonious gene-tree topologies relative to
the gene tree in which all clones are included. This was found
to be the case with two changes in resolution—the clade of
Quetzalia and Zinowiewia was ‘‘switched’’ with the clade of
Mortonia and Perrottetia, and the large polytomy ‘‘expand-
ed’’ to include the clade of Dicarpellum (not shown). Note
that both of these changes involve very poorly supported
branches, with strict-consensus bootstrap values of 41 and
17, respectively.
Phylogenetic relationships inferred from the simultaneous
analysis—The simultaneous analysis of phytochrome B and
morphological characters is taken as the best estimate of phy-
logenetic relationships because it is the best supported hy-
pothesis, maximizing congruence among all of the characters
sampled (Nixon and Carpenter, 1996). The simultaneous anal-
ysis demonstrates that the many molecular characters (544 in-
formative) need not swamp the few morphological characters
(61 informative). The simultaneous-analysis-strict-consensus
tree is much more resolved than the phytochrome-B-strict-con-
sensus gene tree, and many clades differ in topology. Although
the additional resolution is poorly supported by bootstrap val-
ues, the large polytomy in the gene tree is resolved in the
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Fig. 3. Strict consensus of two most parsimonious phytochrome B and morphology simultaneous-analysis trees of 2209 steps with strict-consensus bootstrap-
support values mapped. In the simultaneous analysis, the individual phytochrome-B clones of each species were fused into a single species terminal. The CI of
the two most parsimonious trees was 0.39 (excluding uninformative characters), and the RI was 0.59. Subfamily and tribe names following species names are
based on the classifications of Loesener (1942a) for Celastraceae s.s. and Hallé (1962, 1986) for Hippocrateaceae. Taxa with neither subfamily nor tribe names
were not assigned these ranks by Loesener (1942a) or Hallé (1962, 1986), respectively. Genera questionably included in the Celastraceae are indicated in
boldface.
simultaneous-analysis tree. Most changes in topology and res-
olution occurred at the ‘‘deeper’’ branches where compara-
tively fewer substitutions were unambiguously optimized.
The Celastraceae s.l. (including Hippocrateaceae) are re-
solved as a monophyletic group (including Brexia and Pla-
giopteron). Four morphological synapomorphies (all of which
show reversals) support a monophyletic Celastraceae: stamen
plus staminode number equals petal number, filaments inserted
at the outer margin of the disk, styles connate, and presence
of two to four ovules per locule.
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The Hippocrateaceae are resolved as a monophyletic group
(albeit poorly supported) within the paraphyletic Celastraceae
s.s. This resolution supports the taxonomic inclusion of Hip-
pocrateaceae within Celastraceae. Hippocrateaceae are not re-
solved as a monophyletic group in any of the most parsimo-
nious phytochrome-B gene trees; the support for this clade is
strictly based on morphological characters (no phytochrome-
B substitutions map unambiguously onto this branch). Note
that this is not unexpected as no substitutions map unambig-
uously onto three other branches (and few substitutions map
unambiguously onto several other ‘‘deep’’ branches) in the si-
multaneous-analysis strict-consensus tree.
This analysis provides additional evidence that the subfam-
ilies and tribes of Celastraceae s.s. delimited by Loesener
(1942a) should be abandoned. To propose a new system at this
time for Celastraceae would, however, be premature because
of the undersampling (38 of ;100 currently recognized gen-
era), poor support for many of the ‘‘deeper’’ branches, and
problematically defined genera such as Salacia and Maytenus
that are resolved as paraphyletic and polyphyletic, respective-
ly. The morphologically well-defined subfamilies of Hippo-
crateaceae delimited by Hallé (1962; Hippocrateoideae [in-
cluding Plagiopteron], Salacioideae) are strongly supported in
this analysis. However, Hallé’s tribe Campylostemoneae is re-
solved as nested within the paraphyletic tribe Hippocrateeae
and is not supported.
Plagiopteron is supported as the sister group of the Hip-
pocrateoideae. This resolution is consistent with Tang’s (1994)
recognition of the embryological similarities between Plagiop-
teron and Celastraceae and molecular analyses (Nandi, Chase,
and Endress, 1998; Soltis, Soltis, and Chase, 1999; Savolainen
et al., 2000a, b; Soltis et al., 2000).
Brexia is resolved as closely related to Elaeodendron and
Pleurostylia. The morphological characters supporting this
clade are the indehiscent fruit and absence of the aril (a re-
versal). This resolution of Brexia as a member of Celastraceae
is consistent with embryological data (Tobe and Raven, 1993)
and molecular analyses of rbcL 59 flanking sequences (Savo-
lainen, Spichiger, and Manen, 1997), rbcL (Savolainen et al.,
2000a), a simultaneous analysis of atpB 1 rbcL (Savolainen
et al., 2000b), and a simultaneous analysis of 18S nrDNA,
atpB, and rbcL (Soltis, Soltis, and Chase, 1999; Soltis et al.,
2000).
Of the four genera sampled that are questionably included
within Celastraceae, Goupia is resolved as unrelated to Celas-
traceae, whereas Canotia, Perrottetia, and Siphonodon are
supported as members of Celastraceae. This resolution of Gou-
pia is consistent with the rbcL 59 flanking sequence tree pre-
sented by Savolainen, Spichiger, and Manen (1997) and sup-
ports Hutchinson’s (1969) assertion that Goupia should be rec-
ognized as a separate family. Goupiaceae are classified in the
Malpighiales by APG (1998). The resolution of Canotia as the
sister group of Acanthothamnus is consistent with morpholog-
ical (Johnston, 1975) and embryological (Tobe and Raven,
1993) characters.
Perrottetia is resolved as the sister group of Mortonia. The
clade of Perrottetia and Mortonia is resolved as the sister
group of the rest of the Celastraceae. This resolution is con-
sistent with the recognition of Perrottetia as unusual relative
to other members of Celastraceae by Corner (1976), Den Har-
tog and Baas (1978), and Metcalfe and Chalk (1950). Al-
though some of the unusual character states present in Per-
rottetia are optimized as autapomorphies (e.g., scalariform per-
foration plates), other features characteristic of many Celastra-
ceae (e.g., presence of an aril) are optimized as having evolved
later in the diversification of the family (not shown).
In contrast to Perrottetia, Siphonodon is resolved as a de-
rived member of Celastraceae. The unusual morphological
characters, wood anatomy, and pollen morphology are all op-
timized as autapomorphies of the genus. Significantly, in spite
of its many autapomorphies, most taxonomists have main-
tained Siphonodon within the Celastraceae s.l. (reviewed in
Hou, 1963).
Maytenus s.l. (including Gymnosporia) is resolved as three
disparate groups: Maytenus fournieri is resolved as distantly
related (albeit poorly supported by bootstrap values) to May-
tenus undata (resolved as sister to Pterocelastrus tricuspida-
tus) and the clade of Gymnosporia mossambicensis and G.
polyacantha (resolved as the sister group of Putterlickia ver-
rucosa). This resolution supports Jordaan and van Wyk’s
(1998, 1999) assertion that Putterlickia and Gymnosporia are
a natural group distinct from Maytenus. This resolution also
suggests that Maytenus s.s., a large and widespread genus,
needs to be recircumscribed into smaller segregate genera.
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relle 4e série, section B, Adansonia 5: 11–26.
———. 1984. Re ´vision des Hippocrateae (Celastraceae): 4. Les genres Sim-
irestis et Arnicratea (gen. nov.). Bulletin du Muséum National d’Histoire
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nérogamie, Paris, France.
———. 1990. Celastracees (Hippocrateoidees). In B. Satabie and P. Morat
[eds.], Flore du Cameroun, 32: 3–243. Ministere de l’Enseignement Su-
perieur de l’Informatique et de la Recherche Scientifique Mesires, Ya-
oundé, Cameroun.
HAUSER, B. A., M. M. CORDONNIER-PRATT, F. DANIEL-VEDELE, AND L. H.
PRATT. 1995. The phytochrome gene family in tomato includes a novel
subfamily. Plant Molecular Biology 29: 1143–1155.
HECKER, K. H., AND K. H. ROUX. 1996. High and low annealing tempera-
tures increase both specificity and yield in touchdown and stepdown
PCR. BioTechniques 20: 478–485.
HEYWOOD, V. H. 1993. Flowering plants of the world. Oxford University
Press, New York, New York, USA.
HOLMGREN, P. K., N. H. HOLMGREN, AND L. C. BARNETT. 1990. Index
Herbariorum Part I: the Herbaria of the World. New York Botanical Gar-
den, Bronx, New York, USA.
HOU, D. 1962. Celastraceae—I. In C. G. G. J. v. Steenis [ed.], Flora Male-
siana, 6(2): 227–291. Flora Malesiana Foundation, Leyden, The Neth-
erlands.
———. 1963. Two additional Asiatic species of Glyptopetalum (Celastra-
ceae). Blumea 12: 57–60.
———. 1964. Celastraceae—II. In C. G. G. J. v. Steenis [ed.], Flora Ma-
lesiana, 6(3): 389–421. Flora Malesiana Foundation, Leyden, The Neth-
erlands.
HOWE, G. T., P. A. BUCCIAGLIA, W. P. HACKETT, G. R. FURNIER, M.-M.
CORDONNIER-PRATT, AND G. R. GARDINER. 1998. Evidence that the
phytochrome gene family in black cottonwood has one PHYA locus and
two PHYB loci, but lacks members of the PHYC/F and PHYE subfami-
lies. Molecular Biology and Evolution 15: 160–175.
HUTCHINSON, J. 1967. The genera of flowering plants: (Angiospermae) based
principally on the Genera Plantarum of G. Bentham and J. D. Hooker.
Clarendon Press, Oxford, UK.
———. 1969. Evolution and phylogeny of flowering plants: dicotyledons:
facts and theory with over 550 illustrations and maps by the author.
Academic Press, London, UK.
JOHNSTON, M. C. 1975. Synopsis of Canotia (Celastraceae) including a new
species from the Chihuahuan Desert. Brittonia 27: 119–122.
JORDAAN, M., AND A. E. VAN WYK. 1998. Systematic studies in subfamily
Celastroideae (Celastraceae) in southern Africa: the genus Putterlickia.
South African Journal of Botany 64: 322–329.
———, AND ———. 1999. Systematic studies in subfamily Celastroideae
(Celastraceae) in southern Africa: reinstatement of the genus Gymnos-
poria. South African Journal of Botany 65: 177–181.
KAMELINA, O. P. 1988. Sporo-, gametogenesis and fertilization of Escallonia
and Brexia with comments on their taxonomy. In M. Cresti, P. Gori, and
E. Pacini [eds.], Sexual reproduction in higher plants: proceedings of the
tenth international symposium on the sexual reproduction in higher
plants, 30 May–4 June 1988 University of Siena, Siena, Italy, 431–435.
Springer-Verlag, Berlin, Germany.
KLUGE, A. G. 1989. A concern for evidence and a phylogenetic hypothesis
for relationships among Epicrates (Boidae, Serpentes). Systematic Zool-
ogy 38: 1–25.
———, AND J. S. FARRIS. 1969. Quantitative phyletics and the evolution of
Anurans. Systematic Zoology 18: 1–32.
———, AND A. J. WOLF. 1993. Cladistics: what’s in a word? Cladistics 9:
183–199.
KOOP, B. F., L. ROWAN, W.-Q. CHEN, P. DESHPANDE, H. LEE, AND L. HOOD.
1993. Sequence length and error analysis of Sequenaset and automated
Taq cycle sequencing methods. BioTechniques 14: 442–447.
LAVIN, M., E. ESHBAUGH, J.-M. HU, S. MATHEWS, AND R. A. SHARROCK.
1998. Monophyletic subgroups of the tribe Millettieae (Leguminosae) as
revealed by phytochrome nucleotide sequence data. American Journal of
Botany 85: 412–433.
LINDLEY, J. 1853. The vegetable kingdom; or, the structure, classification,
and uses of plants, illustrated upon the natural system. Bradbury &
Evans, London, UK.
LOBREAU-CALLEN, D. 1977. Les pollens des Celastrales: (Illustrations, com-
mentaires). Memoires et Travaux de l’Institut de Montpellier 3: 1–116.
LOESENER, T. 1892a. Celastraceae. In A. Engler and K. Prantl [eds.], Die
Natürlichen Pflanzenfamilien, 3(5): 189–222. Verlag von Wilhelm En-
gelmann, Leipzig, Germany.
———. 1892b. Hippocrateaceae. In A. Engler and K. Prantl [eds.], Die Na-
türlichen Pflanzenfamilien, 3(5): 222–230. Verlag von Wilhelm Engel-
mann, Leipzig, Germany.
———. 1942a. Celastraceae. In A. Engler, H. Harms, and J. Mattfeld [eds.],
Die Natürlichen Pflanzenfamilien, 20b: 87–197. Duncker & Humblot,
Berlin, Germany.
———. 1942b. Hippocrateaceae. In A. Engler, H. Harms, and J. Mattfeld
[eds.], Die Natürlichen Pflanzenfamilien, 20b: 198–231. Duncker &
Humblot, Berlin, Germany.
MABBERLEY, D. J. 1993. The plant-book: a portable dictionary of the higher
plants. Cambridge University Press, Cambridge, UK.
MADDISON, W. P., AND D. R. MADDISON. 1992. MacClade: analysis of phy-
logeny and character evolution, version 3. Sinauer, Sunderland, Massa-
chusetts, USA.
MATHEWS, S., AND R. A. SHARROCK. 1996. The phytochrome gene family
in grasses (Poaceae): a phylogeny and evidence that grasses have a subset
of the loci found in dicot angiosperms. Molecular Biology and Evolution
13: 1141–1150.
———, AND ———. 1997. Phytochrome gene diversity. Plant, Cell and
Environment 20: 666–671.
———, M. LAVIN, AND R. A. SHARROCK. 1995. Evolution of the phyto-
chrome gene family and its utility for phylogenetic analyses of angio-
sperms. Annals of the Missouri Botanical Garden 82: 296–321.
———, R. C. TSAI, AND E. A. KELLOGG. 2000. Phylogenetic structure in
the grass family (Poaceae): evidence from the nuclear gene phytochrome
B. American Journal of Botany 87: 96–107.
MEHRA, P. N. 1976. Cytology of Himalayan hardwoods. Sree Saraswaty
Press, Calcutta, India.
MENNEGA, A. M. W. 1997. Wood anatomy of the Hippocrateoideae (Celas-
traceae). IAWA Journal 18: 331–368.
METCALFE, C. R., AND L. CHALK. 1950. Anatomy of the dicotyledons:
leaves, stem, and wood in relation to taxonomy with notes on economic
uses. Clarendon Press, Oxford, UK.
February 2001] 323SIMMONS ET AL.—PHYLOGENY OF THE CELASTRACEAE
MIERS, J. 1872. On the Hippocrateaceae of South America. Transactions of
the Linnean Society 28: 319–432. pl. 16–32.
MORGAN, D. R., AND D. E. SOLTIS. 1993. Phylogenetic relationships among
members of Saxifragaceae sensu lato based on rbcL sequence data. An-
nals of the Missouri Botanical Garden 80: 631–660.
NANDI, O. I., M. W. CHASE, AND P. K. ENDRESS. 1998. A combined cladistic
analysis of angiosperms using rbcL and non-molecular data sets. Annals
of the Missouri Botanical Garden 85: 137–212.
NIXON, K. C. 1998. Clados version 1.7 (computer software and manual).
Distributed by the author, Ithaca, New York, USA.
———. 1999. WinClada (BETA) version 0.9.9 (computer software and man-
ual). Published by the author, Ithaca, New York, USA.
———, AND J. M. CARPENTER. 1996. On simultaneous analysis. Cladistics
12: 221–242.
———, AND J. I. DAVIS. 1991. Polymorphic taxa, missing values and cla-
distic analysis. Cladistics 7: 233–241.
PERRIER DE LA BÂTHIE, H. 1933. Les Brexiées de Madagascar. Bulletin de
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APPENDIX 1. Morphological characters used in simultaneous analysis based on Simmons and Hedin (1999). All characters were coded as nonad-
ditive.
1. Thorn presence: absent (0); present (1).
2. Stem apices: not terminating in sharp points (0); terminating in sharp points (2).
3. Presence of glands on stems: absent (0); present (1).
4. Phyllotaxy on vegetative shoots: alternate (0); opposite or whorled (1).
5. Phyllotaxy on plants with alternate leaves: strictly alternate (0); alternate on vegetative shoots opposite on thorns or flowering shoots (1).
6. Leaf pubescence: without stellate hairs (0); with stellate hairs (1); with Malphigian hairs (2).
7. Leaf position: not fascicled on short branches (0); fascicled on short branches (1).
8. Inflorescence position: axillary (0); at least some inflorescences terminal (1).
9. Inflorescence type: cymose (0); paniculate to racemose (1); umbel (2); fasciculate (3); condensed bracteate raceme (4); flowers solitary (5);
irregularly cymose–umbellate (6).
10. Flower sexuality: unisexual (0); bisexual (1).
11. Unisexual-flowered plants: dioecious (0); monoecious (1).
12. Perianth merosity: four merous (0); five merous (1); three merous (2).
13. Disk presence: absent (0); present (1).
14. Disk division: continuous (0); discontinuous (1).
15. Disk shape: cupular, not adnate to sepals (0); annular, flat, or margins upturned (1); cupular, adnate to sepals (2).
16. Disk pubescence: glabrous (0); conspicuously puberulent (1).
17. Androgynophore presence: absent (0); present (1).
18. Stamen plus staminode number: three or generally three (0); same as petal number (1); more than petal number (2).
19. Staminode presence in same flower with functional stamens: absent (0); present (1).
20. Numerous stamen arrangement and number: unicyclic and twice petal number (0); bicyclic and twice petal number (1); bicyclic and more than
twice petal number (2); clustered or connate in center of flower (3); unicyclic and less than twice petal number (4).
21. Filament insertion relative to disk: at outer disk margin (0); on disk inside inner edge of disk (1).
22. Anther dehiscence direction: introrse to introrse-latrorse (0); strictly latrorse (1); extrorse (2); apical (3).
23. Anther dehiscence plane: longitudinal (0); oblique (1); transverse (2).
24. Anther attachment: basifixed (0); dorsifixed (1).
25. Anther versatility: not versatile (0); versatile (1).
26. Connective extension shape: absent or apiculate (0); triangular (1); large ornamented extension (2); bilobed with brush-hairy tip (3); bilobed
without brush-hairy tip (4).
27. Pollen aggregation: monads (0); tetrads or polyads (1).
28. Pollen annulus presence: absent (0); present (1).
29. Ovary pubescence: glabrous (0); completely pilose (1); stellate (2); tomentose (3); strigose (4).
30. Apical hollow in ovary center: absent (0); present (1).
31. Style connation: connate (0); not connate (1).
32. Ovary carpel number: one (0); two (1); three (2); 5 perianth merosity (3); many irregularly superposed (4); four, when not equal perianth
merosity (5); five, when not equal perianth merosity (6).
33. Ovary septa walls: complete (0); incomplete (1); absent (2).
34. Ovule number per locule: one (0); two or four (1); variable and more than four (2).
35. Axile ovule attachment: basal to axile, erect to horizontal (0); pendulous (1).
36. Obturator presence: absent (0); present (1).
37. Fruit type: dehiscent (0); indehiscent (1); cocci (2).
38. Indehiscent fruit type: drupaceous (0); baccate (1); samara (2); nut (3).
39. Fruit wing form: at apex (0); at side along each locule (1).
40. Capsular fruit shape: not lobed or parted (0); strongly parted among locules (1); lobed but not parted among locules (2); lobed to base but not
parted among locules (3); flattened along each locule but not parted (4).
41. Capsular fruit dehiscence: loculicidal (0); one side laterally split (1); septicidal (2).
42. Aril presence: present (0); absent (1).
43. Aril position on seed: entirely enveloping seed (0); partly enveloping seed (1).
44. Aril form: fleshy (0); basal wing with vasculature of the funiculus along wing (1); mucilagenous pulp (2); wing surrounding seed with medial
or basal attachment of funiculus (3); basal wing with vasculature of the funiculus attached above wing (4).
45. Basal seed wing form: membranous, papyraceous, or thin coriaceous (0); membranous or a flange (1).
46. Endosperm presence: present (0); absent (1).
47. Exotegmic palisade of lignified Malpighian cells presence on seed: absent (0); present (1).
48. Seed tegmen composition: fibrous (0); absent or not fibrous (1).
49. Germination type: epigeal (0); hypogeal (1).
50. Seedling germination: becoming free from all envelopments (0); not becoming free from all envelopments (1).
51. Mucilagenous leaf epidermal cells: absent (0); present (1).
52. Presence of crystals in leaf epidermal cells: absent (0); present (1).
53. Crystal type: druses (0); solitary rhomboidal crystals (1).
54. Vascular strand through petiole in transverse section: uninterrupted (0); interrupted (1).
55. Included phloem presence: absent (0); present (1).
56. Ray width: 1–6 cells (0); some greater than 10 cells (1).
57. Unlignified ray cells on the growth ring border presence: present (0); absent (1).
58. Perforation plate type: simple (0); scalariform (1).
59. Parenchyma-like bands of thin-walled septate wood fibers presence: absent (0); present (1).
60. Base chromosome number: eight (0); nine (1); ten (2); 11 (3); 12 (4); 14 (5); 15 (6); 17 (7); 23 (8).
61. Haploid chromosome number: 14 (0); 28 (1).
February 2001] 325SIMMONS ET AL.—PHYLOGENY OF THE CELASTRACEAE
APPENDIX 2. Data matrix of morphological characters used in simultaneous analysis based on Simmons and Hedin (1999). Polymorphic cells
abbreviated as follows: ‘‘A’’ 5 [0,1], ‘‘B’’ 5 [0,1,2], ‘‘C’’ 5 [0,2], ‘‘D’’ 5 [1,2], ‘‘E’’ 5 [1,2,3], ‘‘F’’ 5 [1,3], ‘‘G’’ 5 [1,2,4], ‘‘H’’ 5 [1,4],
‘‘I’’ 5 [2,3], ‘‘J’’ 5 [3,4], ‘‘K’’ 5 [6,7].
Taxon 10 20 30 40 50 60
Corynocarpus laevigata
Crossosoma bigelovii
Eucryphia billardieri
Aleurites moluccana
Goupia glabra
0000000111
0000001151
0001-00051
0000010110
0000000021
-111100211
-110100202
-00---0202
?11010-203
-11000010-
-001100?00
1001000?00
-001100?30
2000000?20
1000030000
-0-01010--
12-2-00--0
1602100--0
1B001110--
13?20011--
-1---1011?
1010-000??
21---0?0??
-1---01000
-???-0????
0??1-1?003-
0???-0?A04-
10-1-0?10K-
???1-??0?3-
10-1-0?10??
Afrostyrax sp
Reinwardtia trigyna
Averrhoa carambola
Acanthothamnus aphyllus
Brexia madagascariensis
0000010031
00000001F1
0000000011
0110000031
0000000061
-10---0200
-111100210
-10---0201
-11010010-
-11010010-
-?00?00?20
2001100?00
-201100?40
000111??00
000100??00
?32000??-0
1I01110-00
130D1011--
03?10010--
03A20010--
?1---0????
21---0????
-000-00000
-1---000??
-1---000??
00-1-??0???
1??0-0?0?2-
0??0-0?0?J-
????-??????
???1-0?1???
Campylostemon angolense
Canotia holacantha
Catha edulis
Celastrus orbiculatus
Celastrus scandens
0001-00001
0110000001
0000100001
0000000110
0000000110
-10---010-
-11010010-
-11010010-
011000-10-
011000-10-
-021001100
000111??00
0001100000
0001100000
0001100000
-202000--1
031D000---
?2A1000--0
02A1000--0
02A1000--0
00110???0?
20140000??
001400?0??
0000-000?0
0000-000?0
?0-?0110051
????-???0??
00-0-??0???
00-000?008-
00-000?008-
Crossopetalum rhacoma
Crossopetalum uragoga
Cuervea integrifolia
Cuervea kappleriana
Dicarpellum baillonianum
0001-00001
0001-00001
0001-00001
0001-00001
0000000040
-01010010-
-01010010-
-11000000-
-11000000-
0110A0000-
131000??00
131000??00
2221000100
2221000100
22C1000?00
03000010--
03000010--
0202000--1
020D000--1
0101000--0
-1---?????
-1---?????
001111??1?
001111??1?
-010-0????
????-0?00??
????-0?00??
?11?0100151
?11?0100151
????-?-????
Dicarpellum pancheri
Elaeodendron orientale
Elaeodendron xylocarpum
Euonymus alatus
0000000040
000000000A
000A000000
0001-0000A
0110A0000-
1A1010010-
111010010-
101010010-
22C1000?00
0001A00000
0001100000
1111000000
0101000--0
0E010010--
0E010010--
0I01000--3
-010-0????
-1---0????
-1---0????
0000-00A?0
????-?-????
0A10-01117-
0A10-01117-
00-0-0?000-
Euonymus europaeus
Gyminda tonduzii
Gymnosporia mossambicensis
0001-00001
0001-00000
1000101000
-01010010-
001010-10-
A11010010-
1101000000
0000000000
0001100000
030D000--3
01001010--
02A1000--0
0000-00A?0
-1---0????
0000-A01??
00-0-0?000-
????-??????
00-0-??01H-
Gymnosporia polyacantha
Hippocratea volubilis
Loeseneriella africana
Maytenus fourunieri
Maytenus undata
1000001000
0001-000A1
0001-00001
0000000001
0000000031
A11010010-
-11001000-
-11000100-
-A1010010-
-11010010-
0001100000
2220001100
2221000100
0001100000
0001100000
02A1000--0
0202000--1
0202000--1
0D01000--0
02A1000--0
0010-A01??
0011010???
001101??1?
0010-A????
00A0-A????
00-0-??01H-
?1010110050
?11?0110051
00-0-??A1G-
00-0-??A1G-
Mortonia greggii
Paxistima canbyi
Paxistima myrsinites
Peripterygia marginata
Perrottetia ovata
0000000111
0001-00001
0001-00001
000000010A
000000001A
-11010010-
-01010010-
-01010010-
111010010-
011010010-
0001100000
0001100000
0001100000
0001100000
0001100000
03110013--
0111000--0
0111000--0
02?A000--4
01010011-0
-1---0????
00?0-0????
00?0-0????
0003-0????
-1---010??
0???-0?00??
0???00?000-
0???00?000-
???0-??????
1??0-0?11??
Plagiopteron suaveolens
Pleurostylia opposita
Pristimera andina
Psammomoya choretroides
0001-10011
0001-00001
0001-00001
0001---031
-B10110202
-A1010010-
-11010000-
-11010010-
2221000010
0001000000
2221000100
0000000000
0201000--1
01?10013--
0202000--1
0111000--0
??????????
-1---0????
00110?????
0010-A????
01?10??0???
00-0-??0???
?11?01000??
????-??????
Pterocelastrus tricuspidatus
Putterlickia verrucosa
Quetzalia occidentalis
0000000001
1000101001
0001-00000
-11010010-
-11010010-
111010010-
0001100?00
000010??00
0001100000
0D01000--3
02?2000--0
0111000--0
0010-0????
0000-0????
11---0????
????-??????
0???-??????
?0-?-??0???
Reissantia sp
Reissantia indica
Rzedowskia tolantongensis
Salacia impressifolia
Salacia nitida
0001-00001
0001-00001
0001-00001
0000000031
0000000001
-11000000-
-11000000-
-01010?10-
-11000000-
-11000000-
2221000100
2221000100
??00?0??00
2221000000
2221000000
0201000--1
0201000--1
01?100120-
02010010--
020D0010--
001101??0?
001101??0?
-1---0????
-0?2-10111
-0?2-10111
?0-?01?00??
?0-?01?00??
????-??????
?10110-0150
?10110-0150
Salaciopsis glomerata
Schaefferia frutescens
Simicratea welwitschii
Siphonodon australis
Siphonodon celastrineus
0000000030
0000101030
0001-00001
0000000061
0000000061
011010-10-
001010-10-
-11010100-
-110100210
-110100210
0001100000
0001000000
2221000000
0110000001
0110000001
0201000--0
01000010--
0201000--1
14?0A010--
14?0A010--
0010-0????
-1---0????
00110?????
-1---0??00
-1---0??00
???A-??????
0???-0?00??
????01000??
0100-??0???
0100-??0???
Tontelea attenuata
Tripterygium regelii
Wimmeria acuminata
Wimmeria concolor
Zinowiewia concinna
0001000001
000000011A
0000001001
0000001001
0001-00001
-11000000-
111010010-
-A1010010-
-11010010-
-11010010-
2221000000
0001100000
0001100000
0001100000
0001100000
02010010--
021100121-
021200121-
0D1200121-
010100120-
-0?2-1????
-1---?????
-1---0????
-1---0????
-1---0????
?0-110-01??
0??0?????4?
00-?-0?00??
00-?-0?00??
????-??????
